Small-angle neutron scattering (SANS) diffraction experiments involve scattering of a monochromatic beam of neutrons and measuring the angular distribution of the scattered neutrons. Unlike conventional diffraction experiments, the scattering angles involved in a SANS experiment are small. In view of the small angles involved, the uncertainties in the angles are usually quite large ($10%) and thus one uses a comparable wavelength resolution (Á!/!) for the incident neutrons to optimize the intensity and the resolution. That is, while conventional diffractometers use Á!/! 9 2%, SANS machines require Á!/! 9 10%. This paper presents the results of Monte Carlo simulations of a doublecrystal monochromator system in which the wavelength resolution is spoiled by replacing the individual crystals of the double monochromator by three slightly misaligned pairs of crystals. It is seen that for a misalignment of 1 and a mosaic spread of 0.8 for all the crystals, three wavelengths selected by monochromatization are well resolved, with a width of 0.05 A Ê around each wavelength, thus giving a total wavelength spread of about 5%. Based on the above, a monochromator system has been built and tested. The measured wavelength distribution is in reasonable agreement with the calculated one.
Introduction
The technique of small-angle neutron scattering (SANS) is now routinely used for investigating the structures of materials on length scales of 10±1000 A Ê (Kostorz, 1979; Windsor, 1988) . For example, it has been extensively used for determining the sizes and shapes of`particles' dispersed in a medium. The particle could be a macromolecule (biological molecule, polymer chain, colloidal particle, micelle, etc.) in a solvent, a precipitate of material A in the matrix of another material B, a micro-void in a metal, or a magnetic inhomogeneity in a nonmagnetic matrix. In suitable cases, the spatial arrangement of the above particles and hence the inter-particle interaction can also be studied using SANS.
A SANS experiment involves scattering of monochromatic neutrons from a sample and measuring the scattered neutron intensity as a function of the scattering angle. Typical values of the wavevector transfer Q (= 4% sin /!, where 2 is the scattering angle and ! is the wavelength of incident neutron) in SANS experiments lie in the range 0.001±1.0 A Ê À1 . To obtain low Q values, SANS machine uses large-wavelength ($5 A Ê ) neutrons and small scattering angles ($0.5±10 ). It is thus important that divergence of the incident beam is kept as small as possible. However, a SANS machine does not require very good wavelength resolution of the incident beam as the resolution is largely dictated by uncertainties in the scattering angle arising from incident-beam divergence or the size of the detector element, etc. Typically, one employs a wavelength resolution (Á!/!) of about 10%.
A variety of monochromators, such as velocity selectors (Ibel, 1976; Crawford & Carpenter, 1988) , polycrystalline BeO ®lters (Goyal et al., 1995) , pairs of double-crystal monochromators (Child & Spooner, 1980) , and systems comprising several misaligned crystals in a`dog-leg' con®guration (Mildner et al., 1981) , are used in SANS experiments. We had installed a BeO-®lter-based SANS machine at the Cirus reactor, Trombay, and have used it successfully for the past ten years or so (Desa et al., 1985; Goyal et al., 1995) . The machine has been recently shifted to the guide tube of the Dhruva reactor and an effort is being made to modify the monochromator system. In this connection we have examined different monochromator systems. In particular, a system consisting of three pairs of crystals, each pair at a small angle with respect to the others, in double-crystal monochromator mode, has been designed. Monte Carlo calculations for resolution and intensity have been carried out. This paper gives details of this monochromator system and discusses the relative merits and demerits of different monochromator systems.
The next section gives a brief introduction to different monochromator systems used for SANS machines. The design of a monochromator system consisting of three pairs of crystals in double-crystal monochromator parallel±antiparallel geometry is presented in x3. The details of the Monte Carlo calculation are given in x4, with the results presented in x5. Finally, the relative merits of different monochromator systems are discussed in x6.
Different types of monochromators
The uncertainty in the wavevector transfer Q in a SANS experiment, as in any other diffraction experiment, depends both on the uncertainty in scattering angle and the uncertainty in incident wavelength. The Q resolution of a SANS machine can be expressed as
Typical values of Á/ for SANS machines are greater than 10%. It is because of this that one does not need very good wavelength resolution Á!/! for a SANS machine. It should be mentioned that neutron diffractometers usually use singlecrystal monochromators. The wavelength resolution Á!/! of such a monochromator is cot () Á. The contribution to Á arises from the beam divergence and the mosaic spread of the crystal. Typically, = 45 and Á 9 1 , so that Á!/! 9 2%. Thus a single-crystal monochromator is not a good choice for use in a SANS machine, where one would like to have Á!/! 9 10%. The following different types of monochromators are usually employed for SANS machines.
Velocity selector
The velocity selector is a mechanical device by which the neutron beam is monochromated using the time-of-¯ight method (Ibel, 1976; Crawford & Carpenter, 1988) . The velocity selector consists of a drum with a large number of helical slots along its periphery. The neutron beam is allowed to pass through the helical slots. The drum is rotated about its axis and the average wavelength of the transmitted neutrons depends on the angular velocity and length of the drum. The spread Á! about the mean wavelength is governed by the width of the helical slots. It is possible to design velocity selectors having Á!/! in the range 10±50% and having transmission up to 70%. The mechanical devices are, however, dif®cult to fabricate and maintain, especially as they rotate at high speeds and need sophisticated control and safety devices ®tted to them.
Double-crystal monochromator
In a double-crystal monochromator, the neutron beam is re¯ected by two crystals, which are kept parallel to each other and are separated by a distance (Child & Spooner, 1980) . Though the wavelength spread obtained by a single pair of crystals is usually quite small, this can be spoiled by using several pairs of crystals that are misaligned with respect to one another.
Polycrystalline BeO filter
BeO has a Bragg cut-off wavelength of 4.7 A Ê . A BeO®ltered neutron beam from a reactor has typically a mean wavelength of 5.2 A Ê with a spread of about 15%. Thus BeO ®lters have been used as monochromators in SANS machines (Goyal et al., 1995) . The main drawback of this system is that the wavelength distribution of the monochromated beam is not symmetric about the mean wavelength; in particular it has a long tail extending up to 10 A Ê . It is, however, possible to re¯ect off large-wavelength neutrons (say > 7 A Ê ) by using silicon wafers, which are kept at a very low angle to the incident beam.
Several misaligned crystals
An assembly of several slightly misaligned crystals in`dogleg' con®guration has also been used as a monochromator for a SANS machine (Mildner et al., 1981) . The crystals are arranged in different sets; the crystals in each sets are misaligned one from the other in the scattering plane, and each set is misaligned from another out of the plane. The main problem with such an arrangement is that the direction of the monochromated beam is changed from the direction of the incident beam. This is not very convenient as SANS machines are usually long and they will interfere with the neighbouring instruments. The SANS machine at the Missouri research reactor, USA (Mildner et al., 1981) , which makes use of this type of monochromator, is in the vertical geometry and is not very convenient to use.
In view of the above, it was felt that a double-crystal monochromator system with three pairs of mutually slightly misaligned crystals should be used as a monochromator for the SANS machine at Dhruva reactor. The design details of the monochromator system are given in the next section.
Design features of the double-crystal monochromator
A schematic of the double-crystal monochromator (DCM) assembly designed for the SANS machine at Dhruva reactor, Trombay, is shown in Fig. 1 (Aswal et al., 1997) . The assembly consists of two parallel sets of pyrolytic graphite (PG) crystals, aligned for re¯ection by (002) planes. Each set contains three research papers crystals, misaligned with respect to one another by $1 . The two sets are separated by a distance of 10 cm. The mosaic spread of each crystal is $0.8
. The crystals in the ®rst set are ®xed and those in the second set can be rotated with the help of eccentric screws to make them exactly parallel to the corresponding crystals of the ®rst set.
The wavelength distribution of the outgoing beam after two re¯ections of the above DCM setup was measured at the ROTAX beamline of the spallation pulsed source ISIS, UK. A pulsed beam of white neutrons was made to fall on the ®rst set of crystals. It underwent two re¯ections, ®rst from the ®rst set of crystals and then from the second set of crystals, as shown in Fig. 1 . The intensity of doubly re¯ected neutrons was recorded using a scintillator detector. The wavelength of the neutrons reaching the detector was measured using the time-of-¯ight technique. The double-monochromator assembly was placed at the sample position and aligned by rotating the sample table in the horizontal plane. The rotation of the assembly selects different wavelengths at different angles of incidence and the distributions are obtained about different mean wavelengths. When = 45
, the mean wavelength obtained was 4.75 A Ê . It is found that the double monochromator has a wavelength resolution of $4.6% at a wavelength of 4.75 A Ê . (The wavelength distribution of the output beam from the double monochromator will be presented below, along with the calculated wavelength distribution, the details of which are given in x5.)
Monte Carlo simulation
In this section we give details of our Monte Carlo simulation of wavelength distribution and the intensity pro®le at the sample position for a double-crystal-monochromator-based SANS machine. The basic geometry of the setup is shown in Fig. 2 . Neutrons emerge from the exit port of the guide tube in a narrow angular zone and are incident on the ®rst set of the three crystals after ®rst passing through a block of polycrystalline beryllium, which removes the second-order neutrons. The neutrons satisfying the Bragg condition are diffracted and fall on the appropriate crystal in the second set. The Bragg-diffracted neutrons from the second set of crystals pass through slits 1 and 2 before falling on the sample.
Arrangement of the crystals in the double-crystal monochromator
It is interesting to note that the crystals in the ®rst set could be arranged with the Bragg angle either increasing or decreasing as the incident neutrons encounter them. The crystals in the second parallel set have to be arranged in a matching manner at the appropriate position and angle as shown in Fig. 3 . We consider the case when the middle crystal of the set is aligned for a Bragg angle of 0 (in our case 0 = 45 ). Let the ®rst crystal make a glancing angle = 0 À to the incident neutron and a be the distance between the central (second) crystal and the ®rst crystal of the ®rst set of crystals. Then the position of the corresponding crystal in the second set is given by
Here D is the perpendicular separation between the incident and the emergent directions, as shown in Fig. 3 . Thus, this crystal could be to the left or the right of the central crystal depending upon the angular misalignment and the perpendicular separation D between the two sets of crystals. If, however, the ®rst crystal Bragg angle is greater than the second crystal Bragg angle, and similarly for the Bragg angle for the last crystal, then the corresponding parallel crystals in the second set remain on the same side of the central crystal, as shown in Fig. 3 . The separation between the ®rst and second crystals of the second set is given by a H Da tan% À 2 a 9 2D a when 0 45 X 3
Our design corresponds to the geometry with decreasing glancing angles, as shown in Fig. 1. 
Simulation procedure
The simulation of the neutron trajectories is carried out as described below. We used different coordinate systems S 0 , S 1 , S 2 and S 3 to describe the position of a neutron as it moves in the experimental system, as shown in Fig. 4 . The Z axis of all these coordinate systems is along the vertical. The starting point of neutron is taken in S 0 , the source coordinate system, Figure 2 Schematic of the geometry used in the Monte Carlo calculations.
Figure 3
Two ways of arranging the three crystal pairs in the double monochromator.
as (x 0 = 0, y 0 , z 0 ). y 0 and z 0 are random numbers within the domain of the guide-tube exit dimensions. The X axis of S 0 is along the guide axis and the Y axis is normal to the X and Z axes, along the width of the guide. Each neutron is assigned direction cosines L I = (l, m, n) by choosing two further random numbers to decide the direction within the divergence limit of the guide. The trajectory of the neutron is then given by
where t is the parameter giving the position of the neutron on the trajectory. The neutron falls on the ®rst of the pair of the monochromating crystals with its centre located at a distance SK from the origin of S 0 along the X axis. The crystal is placed such that the re¯ecting planes are in the vertical plane, making a Bragg angle with the incident central beam. The next step is to go to a coordinate system S 1 , based on the crystal. The origin of S 1 is the centre of the crystal and its X axis is along the width of the crystal with the Y axis being normal to it in the horizontal plane. The equation to the crystal surface in S 1 is y 0X 5
Transforming equation (4) to the coordinate system S 1 , we calculate the point of intersection between the neutron trajectory and the crystal surface. Let the coordinates of this point of intersection P 1 in S 1 be (x 1 , y 1 = 0, z 1 ). All the coordinates (x 1 , z 1 ) give the illumination of the ®rst crystal. Let the crystal dimensions be width 2W along the X axis and height 2H along the Z axis. If
the neutron falls on the crystal; otherwise it goes straight on and contributes to the background. A counter keeps track of the number of neutrons falling on the crystal. Direction cosines of the normal to the crystal surface in S 1 are (0, 1, 0). The crystal has a mosaic spread of, say, e (rad). Mosaic spread (e) is de®ned such that the direction of the crystal normal changes randomly within e of its ideal value. We select two random numbers e 1 and d 1 within (Àe/2, e/2) and rotate the normal so that its direction cosines are
The direction cosines of the diffracted neutron are then given by
where the direction of N is taken towards the incident neutrons. Let these direction cosines be
The incident neutron footprints (x 1 , z 1 ) and the direction cosines (l d , m d , n d ) are stored in a ®le for later use. The trajectory of the diffracted neutron (in S 1 ) is then given by
Here we have assumed that the Darwin width of the diffracted beam is negligible as compared to the mosaic spread of the crystal. From the incident white beam, neutrons of wavelength ! are selected by diffraction, where
d being the interplaner spacing of the diffracting planes. The angle given by
A fraction R of the neutrons of this wavelength are removed from the incident beam by diffraction, where R is the integrated re¯ectivity for the diffracting planes. For simplicity, in this simulation we have taken R = 1. The re¯ectivity effect is important in the measurement of the total number of neutrons coming out of the monochromator; however, it has no bearing on the relative intensities and the distribution of wavelengths in the output beam. Furthermore, we have not ascribed any wavelength to the starting neutron. We assume that it would have a wavelength ! that can satisfy the Bragg law. The wavelength distribution of the diffracted neutrons is decided by the crystal mosaicity and the central Bragg angle (44, 45 or 46 in our case). The total number of white neutrons incident on the sample that contains the diffracted neutrons of a given number can then be readily calculated once the neutronsource wavelength distribution is known. The next step is to go to a coordinate system S 2 based on the second parallel crystal. Transforming the starting point (x 1 , y 1 = 0, z 1 ) and L d to S 2 and using the crystal surface equation y = 0 (in S 2 ), we obtain the point of intersection P 2 of the diffracted neutron with the second crystal (x 2 , y 2 = 0, z 2 ). All the coordinates (x 2 , z 2 ) give the illumination of the second crystal. Let the crystal dimensions be width 2W along the X axis and height 2H along the Z axis. If jx 2 j`WY jz 2 j`HY 13 the neutron falls on the crystal; otherwise it goes straight on and contributes to the background. A second counter keeps track of the number of neutrons falling on the crystal. As before we calculate the normal to the crystal surface at P 2 , taking into account the mosaic spread of the crystal. Since the wavelength ! of the incident neutron is now ®xed (because of diffraction by the ®rst crystal), it will be diffracted by the same planes of the identical second crystal only when it makes the research papers Figure 4 The central ray diagram used for the Monte Carlo simulation.
same glancing angle (within the Darwin width) with the diffracting planes of the second crystal. Thus, the condition for diffraction by the second crystal is
where 1,2 are the glancing angles made with the ®rst and second crystals, respectively. By the double-crystal geometry, the direction of the diffracted neutron will be parallel to the incident (on the ®rst crystal) direction. We next follow the trajectory of this neutron through slits 1 and 2 and ®nally to the detector located at the origin (sample position) of the third coordinate system S 3 . If the neutron cannot pass through either of the slits, it is counted as lost. Finally, the coordinates of the point of intersection of the neutron with the detector plane are calculated and stored in a ®le. The calculations are then repeated for the second and the third pair of crystals after making appropriate changes in the parameters prescribing their position etc.
Results
The various parameters used for the simulation are collected together in Table 1 . The exit port of the guide is scanned by a random-number generator to give the starting coordinates of an incident neutron. The direction cosines of the neutron within the divergence limit of the guide are also generated in a random way. The neutrons fall on the ®rst crystal and the diffracted neutrons fall on the second parallel crystal. The wavelength distribution of the diffracted neutrons falling on the second crystal corresponding to the Bragg angle of 44 is shown in Fig. 5 . This distribution remains unaltered when neutrons reach the sample plane after passing through slits 1 and 2. It is seen to be a Gaussian with a peak at ! = 4.667 A Ê and a width of ! = 0.067 A Ê , so that !/! = 1.4%. The distribution of neutrons on the other two crystals is similar, with a peak shift appropriate to the change in the Bragg angle. Finally, the wavelength distribution of the neutrons after two re¯ections from a complete monochromator system is shown in Fig. 6 . The distribution remains unaltered when neutrons reach the sample plane after passing through slits 1 and 2. It is seen that there are three peaks corresponding to the three crystals and the total width is about 5%. This width is primarily dependent upon the Bragg angle range covered by the three crystals, 44, 45 and 46 . Increasing the crystal mosaicity makes the different peaks merge into one another and decreasing it makes them sharper, as shown in Fig. 7 . The horizontal and vertical distribution of neutrons in the sample plane is shown in Figs. 8 and 9 , respectively. The horizontal distribution is peaked as it is the plane dispersion, whereas the vertical distribution is¯at.
It may be noted that calculations corresponding to Fig. 6 assume that all crystals have similar mosaic spreads. The six crystals used in our monochromator system (x3), however, do not have similar mosaic spreads. The mosaic spread was 0.8 for ®ve of them and 0.6 for the sixth (central one of the ®rst set). The measured and the calculated wavelength distributions for our setup are shown in Fig. 10 . The agreement is quite good; the small differences may arise from the resolution effects of the measurement.
Comparison between different monochromators
It is of interest to compare the performance of the above double-crystal monochromator with the other monochromator systems mentioned in x2. Thus, we have calculated the relative intensities and the wavelength spreads of incident neutrons at the sample position for the case of a SANS machine (Fig. 11) at Dhruva reactor. The beam from the guide (Basu & Rao, 1991 ) is monochromated using a suitable monochromator (Fig. 11 corresponds to a double-crystal monochromator). This beam passes through two slits (2 Â 3 cm and 1 Â 1.5 cm) before it is incident on the sample. The distance between these slits is 2 m. The angular distribution of the neutrons scattered by the sample is recorded using a onedimensional position-sensitive detector (PSD). The sample to detector distance is 1.85 m. The detector resolution is 12 mm. We have calculated the relative intensities and wavelength spread of the neutrons at the sample position for the case of Table 1 Parameters used for the numerical simulation of the double-crystal monochromator with three pairs of crystals. Wavelength distribution of diffracted neutrons falling on the second parallel crystal corresponding to the Bragg angle of 44 . The solid curve is the ®tted Gaussain curve.
Figure 6
The calculated wavelength distribution after two Bragg re¯ections. The solid curves are the ®tted Gaussian curves.
Figure 7
The effect of crystal mosaicity on the wavelength distribution in the image plane after two Bragg re¯ections. neutrons which emerge from a monochromator depends on the shape of the transmission function of the monochromator. We have used a triangular wavelength distribution for the velocity selector, with wavelength resolution Á!/! = 10%. In the case of the double-crystal monochromator, the experimentally measured distribution function (Fig. 10) has been used. Again, the experimentally measured wavelength distribution of neutrons has been used for the BeO ®lter (Aswal et al., 1997) . It has a mean wavelength of 5.2 A Ê with a wavelength spread of $15%.
In principle, the ef®ciencies of three monochromators could be different. However, for the present case, it has been estimated that the ef®ciency is $0.7 for all the three monochromators and thus the variation in ef®ciency has not been taken into account. The relative performance of the three monochromators is summarized in Table 2 . It is seen that the double-crystal monochromator provides intensity which is about 50% and 25% of those achieved using the velocity selector and the BeO ®lter, respectively. However, it is much easier to operate a double-crystal monochromator compared to a velocity selector as it does not have moving parts. Moreover, unlike a BeO ®lter, a double-crystal monochromator provides a neutron beam with a symmetric wavelength distribution. In view of the above, we propose to install a double-crystal monochromator at the Dhruva SANS machine in spite of the fact that it provides somewhat lower intensities.
Figure 9
The vertical distribution of neutron intensity in the image plane at the sample position.
Figure 10
The measured and the calculated wavelength distributions of the doublecrystal monochromator.
Figure 11
Schematic of the SANS machine with the double-crystal monochromator at the Dhruva reactor. All dimensions are mm unless otherwise indicated. 
